The first step in the development of the Drosophila optic medullar primordia is the expansion of symmetrically dividing neuroepithelial cells (NEs); this step is then followed by the appearance of asymmetrically dividing neuroblasts (NBs). However, the mechanisms responsible for the change from NEs to NBs remain unclear. Here, we performed detailed analyses demonstrating that individual NEs are converted into NBs. We also showed that this transition occurs during an elongated G1 phase. During this G1 phase, the morphological features and gene expressions of each columnar NE changed dynamically. Once the NE-to-NB transition was completed, the former NE changed its cell-cycling behavior, commencing asymmetric division. We also found that Notch signaling pathway was activated just before the transition and was rapidly downregulated. Furthermore, the clonal loss of the Notch wild copy in the NE region near the medial edge caused the ectopic accumulation of Delta, leading to the precocious onset of transition. Taken together, these findings indicate that the activation of Notch signaling during a finite window coordinates the proper timing of the NE-to-NB transition.
Introduction
Neurogenesis has been viewed as a process in which epithelial cells produce nonepithelial cells; in vertebrates, for example, the ventricular zone develops as a founder to generate the whole cortex (Okano and Temple, 2009) . In fact, the neuroepithelial cells (NEs) themselves undergo changes that reflect this transformation, which is reminiscent of the epithelial-mesenchymal transition (Aaku-Saraste et al., 1996; Thiery et al., 2009) . The NEs in the neural plate divide in an exclusively symmetrical manner. During the transition from the neural plate to the neural tube, the NEs lose their tight junctions and are converted into radial glia, which then start dividing asymmetrically to give rise to nonepithelial cells (Gotz and Huttner, 2005; Huttner and Brand, 1997) . However, the mechanism underlying the transition of NEs in the neural plate to radial glia in the neural tube is poorly understood.
On the other hand, Drosophila optic lobes develop from 30-40 single-layered columnar NEs present in each hemisphere of the freshly hatched larva (Hofbauer and Campos-Ortega, 1990 ). The NEs are derived from the optic placode, a part of the posterior procephalic region formed as a consequence of invagination starting at embryonic stage11 (Green et al., 1993) . In the larval stage, they develop two neuroepithelia: the inner optic anlagen/inner proliferation center (IOA/IPC) and the outer optic anlagen/outer proliferation center (OOA/OPC). The OOA/OPC gives rise to only the neuroblasts (NBs) of the medulla from these progenitors at the fringe, and these cells are the focus of our study. From the second instar stage, a small number of NBs are brought to the margin of the developing optic lobes. The expansion of NEs as well as the emergence of NBs increases as development proceeds toward the third instar stage. Moreover, the NEs in the optic lobe initially divide symmetrically to expand the progenitor pool (Ceron et al., 2001; Egger et al., 2007; Hofbauer and Campos-Ortega, 1990; White and Kankel, 1978) , enlarging the space occupied by the NEs. By the late-third instar, the neuroepithelium is largely depleted and a huge number of NBs form a thick fringe on the brain surface. During larval development, the NEs at the medial edge are gradually replaced by nonepithelial NBs that divide asymmetrically to produce ganglion mother cells (GMC) as well as NBs. Although a clonal analysis demonstrated that NBs are derived from NEs (Colonques et al., 2007; Egger et al., 2007; Toriya et al., 2006) , how NBs are generated from NEs at the cellular level is not well understood. Considering the analogy of NEs in the Drosophila optic lobe and the NEs in the vertebrate neural plate, elucidating the mechanism responsible for the transition of NEs in the Drosophila optic lobe is likely to be worthwhile.
In the present study, to address this issue comprehensively, the cell cycle progression, expression of molecular markers for NEs/NBs, and morphological changes of the NEs in the optic lobe were characterized during the NE-to-NB transition. We then compiled the results to obtain an insight into the mechanism underlying the NE-to-NB transition. Here, we show that the NE-to-NB transition occurs at NEs that are adjacent to NBs during a prolonged G1 phase and includes "epithelial-to-nonepithelial" cellular remodeling and the upregulation of the neural progenitor gene asense, which encodes the bHLH protein Asense (Ase) (Fisher and Caudy, 1998; Skeath and Doe, 1996) .
We also demonstrated that the NE-to-NB transition is initiated by a finite window of Notch signaling downregulation. Notch signaling has been shown to mediate a wide array of cell fate decisions during development (Louvi and Artavanis-Tsakonas, 2006 ). In addition, Notch signaling has been repeatedly shown to be involved in the fate decisions of a particular cell type in a context-dependent manner. These observations are consistent with the endogenous expression pattern of the Notch receptor and ligand Dl within the NEs and NBs of the Drosophila OOA/OPC (Fehon et al., 1991; Green et al., 1993; Hartenstein et al., 1992; Johansen et al., 1989; Kidd et al., 1989; Toriya et al., 2006) . Furthermore, many recent reports have also suggested that the Drosophila optic primordium is an excellent model for investigating the role of Notch signaling in the biology of the neuroepithelium (Egger et al., 2010; Ngo et al., 2010; Reddy et al., 2010; Wang et al., 2010; Yasugi et al., 2010) .
We provide evidence that Notch signaling is necessary for the inhibition of NEs in their undifferentiated state, thereby preventing their precocious transition to NBs. Interestingly, this morphological transition occurs during interphase, especially within an elongated G1 phase. We also obtained new evidence that this transition is mediated by the downregulation of Notch through a feedback loop with Delta. Our results show that the morphological transition involves a delay in cell-cycle progression and Delta-Notch signaling. We show that the downregulation of the Notch signal induces the ectopic expression of Delta, which signals neighboring cells to begin their own transition. Although this may seem to be a surprising role for Notch, the Notch signaling system is required repeatedly during development, and the large number of mediators and modulators associated with this pathway lead to a great variety of biological outcomes.
Materials and methods

Drosophila stocks and culture
Flies were raised on a standard cornmeal-sucrose medium. For staged sampling, eggs were embedded in grape juice-agar plates overnight. Newly hatched larvae were collected within 4 h and allowed to develop to the appropriate stages in standard medium. The y w strain was used as the wild-type strain. The p12×Su (H) bs-lacZ reporter line was used as a reporter for Su (H)-dependent activation (Go et al., 1998) . To induce Notch-negative clones, we used MARCM sets as follows: FRT19A as a control, FRT19A, Notch [55e11]/FM7 and FRT19A, GAL80, hsFLP; UAS-mCD8::GFP, tubGAL4/TM6c Sb Tb. To examine the p12×Su (H) bs-lacZ reporter expression in a Notch clone, the following sets were used: FRT19A; p12×Su (H) bs-lacZ as a control, FRT19A, Notch [55e11]/FM7; p12×Su (H) bs-lacZ and FRT19A, GAL80, hsFLP; UAS-mCD8::GFP, tubGAL4/TM6c Sb Tb.
Immunohistochemistry
Immunohistochemical procedures were performed using standard protocols. All the samples were fixed at around 96 h after larval hatching (ALH). Dissected brains were fixed with 4% formaldehyde in PBS for 15-20 min, washed several times with PBS and then with PBT (PBS and 0.5% Triton X-100), and incubated with the appropriate primary antibodies in PBT containing 10% normal goat serum. The following antibodies were used: rabbit anti-Ase (1:5000; provided by Y. N. Jan), rat anti-DEcad DCAD-2 (1:100; Developmental Studies Hybridoma Bank [DSHB]), mouse anti-Notch C17.9 C6 (1:3; DSHB), mouse anti-Delta c594 ascites (1:100; DSHB), mouse anti-PH3 #9706 (1:200; Cell Signaling), mouse anti-Pros (1:200; DSHB), goat anti-Mcm2 sc-9839 (1:30; Santa Cruz), mouse anti-BrdU (1:200; Becton Dickinson), sheep anti-BrdU (1:200; Fitzgerald), rabbit anti-aPKCζ C-20 to detect aPKC, (1:2000, Santa Cruz sc-216), rat anti-mCD8 RM2200 (1:200, Caltag), rabbit anti-βGal (cappel, 1:200) and rabbit anti-GFP (1:100, MBL). For the secondary reaction, Alexa 488, 555, or 647 conjugates (Molecular Probes) were used in the appropriate combinations. Hoechst 33258 (5 μg/mL; Sigma-Aldrich) was used for nuclear labeling. Data acquisition was performed with the Zeiss LSM700 system, and images were processed with a Zeiss image browser, ZEN2009, and Adobe Photoshop CS.
BrdU incorporation
At the indicated times before sampling, 0.5 mL of 10 mg/mL BrdU solution was distributed evenly on the surface of the animals' standard corn-sugar medium. After the indicated feeding period, larvae at 96 h ALH were selected, dissected, and fixed as usual. The brains were treated with about 2 mL of 2 N HCl for 30 min before incubation with anti-BrdU antibody. The subsequent histological procedures were the same as described above.
To estimate the BrdU-negative cell cluster size, staged larvae were cultured in BrdU-containing medium prior to the sampling time for the indicated period. The brains were then examined using a set of antibodies and the Zeiss LSM 700 system, followed by the Fig. 1 . Cells in the border region between the NEs and the NBs rarely incorporated BrdU, indicating that they were in G1 phase. (A) Schematic representation of the surface view of the OPC/OOA including the laminar precursor cells (LP), neuroepithelial cells (NE), and neuroblasts (NB). (B) Cross-sectional views of the clonal derivation of optic progenitors as they mature. A founder NE (N1) and its daughters (N2, N3, and so on) divided several times to produce clusters of NEs (N m-n ). These cells gradually changed their features and became NBs ("transition"). The cells are largely organized according to their maturity from the core (to the left) to the marginal zone (to the right). The fully undifferentiated NE cells (shown in green) located near the core, corresponding to the cells marked by brackets in subsequent panels, exhibit well-developed apical portions and AJR. The cells that have begun to change their features have basally bulged silhouettes (asterisks). The cells that correspond to conventional asymmetrically dividing larval NBs (shown in magenta) exhibit a strong Ase signal without a clear AJR. In most of the following panels, the optic progenitors are organized according to their maturity, so the spatial order corresponds to the progress of the transition. (C) Experimental design after BrdU incorporation. (D-G) Wild-type larvae were raised on BrdU-containing medium for the indicated periods before harvesting at 96 h ALH. Reconstructed three-dimensional views of the OOA/OPC with the anti-DE-cad (green) and anti-BrdU (magenta) signals are shown. The inserts show the BrdU channel for the enlarged images of the regions indicated by the squares in D, E, F and G. Almost all the NBs (arrowheads in D, E, F and G) and many of the NEs were labeled, except around the border region (between the arrows). The values beside the inserts were the average sizes of the BrdU-negative cell clusters per section (see Supplemental Fig. S1 for details). (H to K) Brains from 96 h ALH wild-type larvae were stained with the indicated antibodies. Optical cross sections containing several NEs (to the left) and NBs (to the right) are shown. In the NE region (surrounded by the broken line), the accumulation of DE-cad delineates the AJR. (H) Brains were stained with anti-aPKC (green), anti-DEcad (magenta) and anti-PH3 (cyan). Flanking the NEs, some transient-state cells with a drop-like silhouette were occasionally visible (asterisk). (I) Brains were labeled with Ase (green), DE-cad (red), and Ho33258 (blue). Between the Ase-negative region (indicated by the broken lines) and the strongly Ase-positive region (indicated by the arrowheads), faintly Ase-positive cells (indicated by an arrow) with a characteristic drop shape were seen. (J) Brains were labeled with anti-BrdU (green), anti-DE-cad (red), and anti-Ase (blue) after a 6 h feeding period on BrdU-containing medium. The NE cells showed moderate BrdU incorporation. In the border region, several BrdU-negative cells (between the broken lines) were visible. The cells did not express Ase (−), and the cells with an Ase signal (+) were flanked within this band (the dotted line traces the outline). (K) Brains from larvae that were fed BrdU for 8 h before harvesting were labeled with anti-BrdU, anti-Mcm2 and anti-DEcad. BrdU (red, K′) was incorporated into many cells. The BrdU-negative cells were clustered (surrounded by the broken lines) at the border of the NEs. These cells exhibited a strong Mcm2 (green) signal (indicated by the arrows in K′), suggesting that they were in the mid-to-late G1 phase. The diffuse DE-cad (blue, K″) labeling at the cell cortex shows that DE-cad had begun to diffuse away from the zonula adherens. BrdU-negative cells were strongly Mcm2 application of ZEN2009 software. Images were captured using an interval of about 0.55 μm to reconstruct the volume view and then resliced in approximately the same direction to obtain the lateral sectional view of each OOA/OPC. The cell numbers of BrdU-negative/ Ho33258-positive cell clusters at around the border of the NE region were then counted in each section. The data from 6-9 sections at even intervals per hemisphere (see details in S1 legend) were tabulated.
Results
Emergence of distinct cell population intermediate between NEs and NBs during suspended G1 phase
The outer optic anlagen (OOA) or outer proliferation center (OPC) in the Drosophila larval brain generates the outer medulla and the lamina and consists of three types of cells: laminar precursor (LP) cells, NEs, and NBs ( Fig. 1A) . Two of these cell types, NEs and NBs, subsequently develop into the medulla.
Previous studies have shown that the NE and NB populations are derived from a few NE founder cells (Green et al., 1993) . Since NEs undergo exclusively symmetric divisions while NBs undergo asymmetric divisions (Hofbauer and Campos-Ortega, 1990; White and Kankel, 1978) , NEs are likely to be converted into NBs during the interphase period. A proliferative-inactive band has been observed between the NE and NB regions (Hofbauer and Campos-Ortega, 1990; Reddy et al., 2010) . Moreover, the arrangement of medullar progenitors, including both NEs and NBs, from the core to the marginal region according to maturity was observed ( Fig. 1B shows a cross-sectional view). Taken together, these findings suggest the presence of an intermediate cell type with distinct cell cycling properties located at the medial edge of the NEs and just adjacent to the NBs.
To estimate the optimal period for detecting non-proliferative regions, brain samples obtained after 4, 6, 8 and 16 h of BrdU incorporation were examined (Fig. 1C shows the experimental schedule). The brains at 96 h ALH were then tested for anti-BrdU and anti-DE-cadherin (DEcad) to outline the OPC/OOA region clearly. The outer cells, corresponding to the NBs, frequently incorporated BrdU, whereas the NEs with a clear adherens junctional region (AJR) were labeled moderately after 4 h of BrdU-incorporation, producing mottled positive and negative cells (Figs. 1D, 4 h incorporation). Between the BrdU-positive NEs and NBs, BrdU-negative cells were clustered in bands (Figs. 1D to G, between arrows). The number of rows of BrdU-negative cells found after a short BrdU-incorporation period (i.e., for 4 h) varied widely. The insert in Fig. 1D to G shows an enlarged image of a BrdU-negative region, while Fig. S1C , E, G and I show histograms for the frequency distribution of the sizes of the negative cell clusters. The mean sizes of the BrdU-negative cell rows are also shown beside each insert. It is also indicated as a bar graph in Fig. S1B . After a longer period of BrdU incorporation, more NEs were labeled with BrdU (Figs. 1E and F for 6 h and 8 h, respectively). In these cases, the BrdU-negative cell clusters were easily distinguished from the surrounding BrdU-positive cells (Figs. 1E and F inserts) . The breadth of the distribution of the number of negative cell clusters narrowed to form a peak (about 2 cells per section) when the incorporation period lasted for 6 to 8 h ( Fig. S1E and S1G). Within 16 h, most NEs showed BrdU-labeling ( Fig. 1G ), indicating that almost all the NEs had divided during this 16-hour period. The negative cell band began to diminish after 16 h ( Fig. S1I ). Based on the cell morphology, the BrdU-negative cluster cells often had narrower apical surfaces but continued to exhibit strong DEcad cortical signals ( Fig. S1D , F, H and I, enlarged image).
To further distinguish the intermediate cell type, we checked the epithelial organization. Using anti-aPKC and anti-DEcad double labeling, the medial edge cells (Fig. 1H , asterisk) just adjacent to the NBs (Fig. 1H, arrowhead ; anti-PH-3 was used to detect mitotic activity) often appeared as drop-shaped cells with a narrow apical domain. The medial edge NEs themselves were rarely in mitosis, supporting the fact that these cells were in interphase. Additional evidence was provided by the expression of a widely used NB marker gene, Asense (Ase). Between the Ase-negative NE ( Fig. 1I broken line) and the Ase-strongly positive NB (Fig. 1I, arrowheads) , a faint Ase signal was often seen in cells with a constricted apical surface and a basally drop-shaped cell cortex ( Fig. 1I, arrow) , corresponding to the onset of Ase expression. When we performed a double-labeling experiment with anti-BrdU and anti-Ase antibodies after 6 h of BrdU incorporation, the BrdU-negative cells (between the broken lines in Finally, we examined the expression of Mcm2 (Bell, 2002; Moyer et al., 2006) , a component of the pre-replication complex that start to form during late M phase and is up-regulated toward S phase (Eward et al., 2004) . After an 8-hour BrdU-incorporation period, the BrdUnegative cells between the NEs and the NBs often exhibited a high level of Mcm2 expression ( Fig. 1K, arrows ), suggesting that these cells were in G1 phase (see the schema in Fig. 1L ). Taken together, these results indicate that the NEs at the medial edge are suspended in G1 phase until the completion of the NE-to-NB transition and the restart of cell cycling.
Notch is broadly expressed in NEs, including the transition zone, while Delta is highly expressed just before the NE-to-NB transition
In addition to our previous study examining the Drosophila OOA/ OPC (Toriya et al., 2006) , other studies examining the vertebrate cerebral cortex (Louvi and Artavanis-Tsakonas, 2006; Okano and Temple, 2009 ) have also shown that Notch signaling has a pivotal role in maintaining neural stem cells in an undifferentiated state. To understand the outcome of the changes in Notch activation, we first studied the expression of its ligand, Delta (Figs. 2A to C); the samples were, counterstained with anti-DEcad and anti-Ase antibodies to identify the maturation step. In the NE core region, where DEcad was well organized, Delta was localized to the AJR at an intermediate level (Figs. 2A and C) . Near the medial edge of the NE region, the expression levels of Delta increased to a peak, as recently reported ((Ngo et al., 2010; Wang et al., 2010) . In addition, dot-like signals of Deltaimmunoreactivity were clearly observed within the cells with the highest Delta expression levels (Figs. 2A and C, arrows), possibly indicating the triggering of signal activation. Delta expression then rapidly decreased in parallel with the maturation of the progenitors, whereas the signal strength of DEcad persisted ( Fig. 2A , inside the broken line) and the cell morphology began to resemble the drop-like shape (Fig. 2B , cells with arrows) seen in the faint-Ase cells (Fig. 1I , arrow). This morphological change and the dotted accumulation of Delta were also confirmed by the aPKC distribution ( Fig. 2D and E).
To detect Notch expression, we used the anti-Notch monoclonal antibody C17.9C6, which was raised against the intracellular domain of the Notch polypeptide (Notch-ICD) (Fehon et al., 1991) . This antibody is reported to stain full-length Notch (Fehon et al., 1991) as well as the Notch-ICD, especially when it has accumulated at a high level (Sasaki et al., 2007) . In the NE region of the OOA/OPC, we found that Notch localized to the cellular cortex and accumulated near the AJR (Figs. 2F to H), similar to DEcad. In addition, granular immunoreactive spots appeared near the cell cortex as the cell matured ( Fig. 2F ). This pattern was also reported previously by Fehon et al. (1991) . As the cells' morphological change and the onset of Ase expression became noticeable, Notch expression was downregulated ( Fig. 2F ), preceding the decrease in DEcad. As a result, the transitional cells showed weaker Notch and stronger DEcad signals ( Fig. 2G , cells labeled with i to iv) than their flanking NEs. The area of Notch downregulation corresponded strongly with the position of the apical constriction when observed using a surface view (Fig. 2F , between the arrows). Gradually, the cells started to differentiate into NBs with various expression levels of Ase (Fig. 2G , iii had a weak Ase signal, while iv had a strong signal). As their differentiation progressed, the cells gradually lost their DEcad signal but began to re-express Notch (Fig. 2G , surrounded by dot lines).
Notch signaling is activated within a finite window just before the NE-to-NB transition, then rapidly downregulated
We previously examined the activation of a Su (H)-dependent reporter (Go et al., 1998) . In the third instar larval brains of the p12×Su (H) bs-lacZ reporter line, lacZ was expressed in many progenitors including the optic primordia ( Fig. S2A , shown in purple), especially in the transitional and NB regions ( Fig. 3AB ). When examined at 96 h ALH, lacZ expression was not detected in the central NEs distant from the medial edge (Fig. 3A, shown by "−") despite the fact that cortical Notch was detected throughout the NEs, including this central region of the OPC (Fig. 2DE, green) . The strongest expression was observed at the border region (Fig. 3A, shown by "+++"), while weaker lacZ expression was observed in NEs distant from the medial edge (Fig. 3A, shown by "+") . The region of Delta accumulation corresponded with the strongly lacZ-positive region quite well. However, the reduction in Delta expression preceded that of lacZ (Fig. 3B, asterisk cell) . In addition, we examined the correlation between the BrdU-incorporation profile and lacZ expression. After 6 h of BrdU-incorporation, a non-proliferative band (Fig. 3C , indicated by the white frame) was detected; this band overlapped with the region of strong lacZ expression (indicated by "+++" in Fig. 3C ). Therefore, the Su (H)-dependent activation of Notch signaling was thought to have induced the cell type changes, including the epithelial organization and cell cycling pattern.
Downregulation of Notch triggers the precocious transition of NEs close to the medial edge of the OOA/OPC
To elucidate the role of Notch in the NE-to-NB transition, we performed clonal analyses of a Notch loss-of-function allele mutant using MARCM (mosaic analysis with a repressible cell marker) (Lee and Luo, 1999) . Flippase expression was induced by heat shock in heterozygous larvae two days after hatching. The larvae were allowed to develop for two and a half days after the induction of mitotic Outside the accumulated border, the Delta signals rapidly diminish, whereas the DEcad signals persist for a few cell-widths (between the arrows and the broken line in A). (D and E) Brain labeled with anti-Delta (magenta) and anti-aPKC (cyan). In D, a cross-sectional view is shown. Near the border, the accumulated, internal Delta signals are still noticeable in cells that possess an apical aPKC signal, but apical Delta expression is no longer visible. aPKC staining is also reduced toward the NB region, but the fading occurs somewhat after the fading of Delta. E shows the surface image from the same specimen to that of panel D. (F to H) Brain labeled with anti-Notch intracellular domain (Notch, green), anti-DEcad (magenta) and anti-Ase (cyan). A reconstructed volume view (F for the magnification and H for the whole) and a cross section (G) are shown. The framed region in H corresponds to the area of panel F. Many NEs exhibit strong Notch signals at or near the apical cell cortex. As a result, a hexagonal network is visible in the core NE region. In addition, the marginal cells exhibit spotted anti-Notch signals (Fig. 2F ). The transitional cells show a decrease in Notch that precedes the reduction in DE-cad expression (between the arrows in 2 F). After the DEcad reduction, the anti-Notch signals return to a moderate level (surrounded by the dotted line in 2 G). (Fig. 2G, i, recombination. The brains were then examined for any changes in marker expression, malformations, or the precocious differentiation of optic primordia. When the resulting clones were examined with anti-aPKC and anti-Delta, the NE regions of the wild-type clones had an uncurved leading edge (Figs. 4A to C, broken line). The cells with a highly accumulated Delta signal were lined up side-by-side. On the other hand, in brains with Notch-negative clones close to the medial edge of the NE region, the onset of Delta accumulation occurred faster in the clonal region than in the surrounding cells (Figs. 4D to F). As a result, the outline of the NE region in the Notch-negative clones was often indented (Fig. 4D , between the arrows) when labeled with aPKC/Delta. Ectopic or precocious Delta expression was observed even in flanking genetically wild-type cells, indicating the involvement of non-autonomous defects (Figs. 4E and F: brackets, the cell next to the clone lacked a Delta signal; arrow, Delta upregulation was observed in the cell next to the cell lacking Delta expression). The stepwise precocious conversion apparently mimicked the normal NE-to-NB transition steps except for the precocious onset.
At the end of the conversion process, NB cells with strong Ase expression and GMCs with Pros in their nucleus were observed (Figs. 4G and H for wildtype controls) outside the NE region. The Notch-negative clonal cells had precociously turned into NBs with ectopic Ase signals (Figs. 4I and J, arrowheads). However, Ase was not always upregulated 2.5 days after clonal induction, indicating that the upregulation might be not directly induced (i.e., cell autonomously) by the loss of Notch . Clonal deletion of Notch resulted in the precocious accumulation of Delta at the cell cortex in cells at the medial edge region of the optic primordia. Mitotic recombination was induced in late-second instar larvae (around 2 days ALH). Brains bearing a MARCM clone of the wild-type or homozygous deletions at the Notch locus were harvested 2.5 days later and were labeled using the sets of antibodies indicated in each panel. (A to F) Wild-type (A to C, indicated as "control" on the side of the panels) and Notch-mutant clones (D to F, indicated as "Notch(−)" on the side of the panels) appearing at the border region between the NEs and the NBs of the optic primordia were labeled with anti-Delta (magenta), anti-aPKC (cyan), and anti-mCD8::GFP (green). Reconstructed surface views (A and D, the broken line indicates the limit of the NE region) and cross sections (B, C, E and F) are shown. The outline of the NE region has a clear dent (between the arrowheads in D) in a specimen in which Notch homozygous clones were generated at the medial edge region (D), whereas the outline of the NE region in a specimen with a wild-type clone has a smooth edge (A). An orthogonal sectional view shows the change in Delta signal localization in and around the Notch clonal cells. (E): The Delta signal is ectopically upregulated (arrows), compared with the surrounding region, in a section located proximal to the Notch clonal cell (the line in D shows the position of the orthogonal section). The ectopic downregulation of the Delta signal is visible inside a clone in a more distal section that includes the Notch-defective cells themselves (between the arrowheads in F). Moreover, Delta is upregulated outside the clone (arrow in F). This effect was non-cell autonomous; that is, the downregulated region included the cells that were genetically wild type (shown by the bracket in F). (G to H) Wild-type (G and H, indicated as "control" on the side of the panels) and Notch-mutant clones (I and J, indicated as "Notch(−)" on the side of the panels) appearing at the medial edge region between the NEs and the NBs of the optic primordia and labeled with anti-mCD8::GFP (cyan), anti-Ase (magenta), and anti-Pros (green). Surface views (G and I; the broken line indicates the limit of the OOA/OPC region including the NBs) and cross-sectional views (H and J; the broken line indicates the apical surface of the NE region) are shown. Further information about the symbols is provided in the text. Scale bars, 10 μm. had no Ase). These cells were often accompanied by Pros-positive cells ( Figs. 4I and J, short arrows) . The surrounding wild-type cells (for example, Figs. 4I and J, non-clonal cells with long arrows had ectopic Ase) were influenced by the differentiation sequence, suggesting that Notch-depletion also produced a non-cell autonomous effect. This finding is consistent with the notion that Notch expression in the adjacent cells is activated by the ectopic expression of Delta in the Notch-deficient cells.
We further checked to determine whether these Notch deletion phenotypes were accompanied by the activation of Su (H)-dependent downstream genes. A p12×Su (H) bs-lacZ reporter insertion was introduced into an MARCM system to produce a homozygous clone bearing a lacZ reporter. The clones were induced in each set of animals 2 days after hatching, and the cultures were continued for an additional 2.5 days. The brains were then examined using antibodies (anti-βGal and anti-mCD8 for clonal cell detection, Fig. S2A to S2D) . When a Notch-depleted clone was observed in the NE marginal zone, lacZ expression was reduced, compared with that in the surrounding wild-type cells (Supplemental Fig. S2D within the dotted lines) . It was also observed that in some wild-type cells, the ectopically induced lacZ up-regulation (Supplemental Fig. S2D arrows) was accompanied by a flanking clonal loss of Notch. These data suggested that a Su (H)mediated downstream pathway might be involved in the precocious transition of the OOA/OPC in marginal Notch-mutated clonal cells.
Downregulation of Notch only induces apical constriction of NEs located in the center of the OOA/OPC
Although Notch and Delta is expressed in all NEs at a low level, the Su (H)-dependent pathway is only activated in NEs in a pretransitional state, that is, in the medial edge region of NEs (Fig. 3A , "+" and "+++"). Thus, we next examined the phenotype of the Notch mutation in clones that do not include the medial edge of the OPC.
To learn more about the relationship between the position of the clone and its phenotype, examples from various positions within the OOA/OPC were examined. Wild-type clones occurred evenly throughout the NE and NB regions. When homozygous Notch-negative clones in the central region were examined (Fig. 5B) , the resulting defects were much milder than those in the medial edge clones (Fig 4D) . The hexagonal pattern of aPKC labeling persisted, with slight changes resulting in narrower apical surfaces compared with the surrounding cells (Fig. 5B ). This experiment revealed that the Notch-negative clones continued to exhibit NE-state characteristics, suggesting that the effects of Notch reduction on the observed phenotype were dependent on the positions of the clones. Delta expression was also not affected ( Fig. 5B ) in clones located in the central region. When the clones were located near the medial edge region, the defects resembled those of the medial edge-type phenotype to a certain extent (Fig. 5D ). aPKC downregulation started at a slightly earlier time point than in the neighboring cells (Fig. 5D , between arrows). In these center region clones, the ectopic expressions of Ase or Pros were never detected ( Figs. 5F and H) . Thus, the deletion of Notch induced the NE-to-NB transition via Delta activation but was not sufficient to enable precocious conversion into NBs.
To summarize, we focused on the differentiation of NEs into NBs in the optic medullar primordia by evaluating the morphology, cell cycling pattern and Notch signaling activities. The detailed steps in the individual transition from an NE to an NB were described for the first time (Fig. 6A ). In this schema, the symbols 1 to 8 represent the progenitors of various transition steps. Cells 1 to 3 correspond to conventional, undifferentiated NEs with a clear AJR. Our observations indicated that p12×Su (H) bs-lacZ reporter-negative cells (1) and -positive cells (2) were distinct. In addition, our BrdU-incorporation experiment showed that after 6 h to 8 h of BrdU-incorporation, some cells (3 to 5) that rarely incorporated BrdU could be distinguished from the rest of the progenitors. The localization pattern of Delta expression also helped us to recognize cells 3, 4 and 5. The difference between cells 4 and 5 was also supported by the Ase expression levels. Finally, Notch reactivation and the downregulation of DEcad showed variations between cells 6, 7 and 8. Using these novel criteria, the defects arising from Notch depletion can be clearly described as follows. The total numbers of each phenotypic classification are indicated. When the loss of Notch function occurred in the medial edge region, as in the case shown in Fig. 4 (also shown in Fig. 6B , medial edge type), precocious transition occurred. When the loss of Notch function occurred in a more undifferentiated region, as in the case shown in Fig. 5 (also shown in Fig. 6B, cantor type) , apical constriction was the major effect. The differences between these two classes did not seem to be mutually exclusive, as mixed-type examples were observed in several cases (Fig. 5D, for example) .
In this paper, we have provided novel details of the NE-to-NB transition, which is partly regulated by the Notch-mediated signaling cascade. Our data indicated that once cell-type conversion begins, intermediate-stage cells enter an extremely prolonged G1 phase during which their differentiation into Ase-positive NBs is completed. This new knowledge can now be used to explore the mechanism underlying the NE-to-NB transition in other organisms.
Discussion
In this study, we provided a detailed description of the differentiation of optic medullar progenitors in Drosophila larval brains. We were able to identify cells with features that were intermediate (Fig. 6A, "4" to "6") between NEs (Fig. 6A, "1" to "3") and NBs (Fig. 6A , "7" and "8") and whose locations were also intermediate, forming a band between the NE and NB regions. Considering the fact that NBs are derived from NEs and that all NEs divide in an exclusively symmetric manner, only the transition of existing individual NEs into NBs without mitosis (Green et al., 1993; Hofbauer, 1979) can explain the observed division patterns (Ceron et al., 2001; Egger et al., 2007; White and Kankel, 1978) and increases in cell populations accounting for the expansion of the medullar primordia (Hofbauer and Campos-Ortega, 1990) . In fact, we demonstrated that the intermediate cells between the NEs and the NBs were in a transitional state and were suspended in a prolonged G1 phase.
NE-to-NB transition occurs at the medial edge of the OOA/OPC during a prolonged G1 phase As mentioned earlier, genetic cell lineage analyses (Colonques et al., 2007; Egger et al., 2007; Toriya et al., 2006) have shown that OOA/OPC NBs are derived from NEs. Consistent with this observation, we identified a distinct population of cells intermediate between NEs and NBs that did not incorporate BrdU during a labeling period of around 8 h, indicating that the BrdU-negative cells never passed through S phase during the labeling period (Fig. 1, Supplemental  Fig. 1) . The BrdU-negative clusters present at the medial edge of the NE region were probably identical to a previously reported [3 H]thymidine-free band of cells (Hofbauer and Campos-Ortega, 1990) , which was also reported recently (Reddy et al., 2010) . We further Fig. 5 . Center region clones of Notch did not cause the precocious accumulation of Delta nor the ectopic expression of Ase. Mitotic recombination was induced in late-second instar larvae (around 2 days ALH). Brains bearing a MARCM clone of the wild-type or homozygous deletions at the Notch locus were harvested 2.5 days later and were labeled using the sets of antibodies indicated in each panel. (A to D) Wild-type (A and C, indicated as "control" on the side of the panels) and Notch-mutant clones (B and D, indicated as "Notch(−)" on the side of the panels) appearing within the NE region of the optic primordia were labeled with anti-Delta (magenta), anti-aPKC (cyan), and anti-mCD8::GFP (green). A and B occurred at the center region, while C and D were emerged near the medial edge region of the optic NE primordia. Reconstructed surface views (A to D, the broken line indicates the limit of the NE region) are shown. (E to H) Wild-type (E and G, indicated as "control" on the side of the panels) and Notch-mutant clones (F and H, indicated as "Notch(−)" on the side of the panels) appearing at the center region between the NEs and the NBs of the optic primordia and labeled with anti-mCD8::GFP (cyan), anti-Ase (magenta), and anti-Pros (green). Surface views (E and F; the broken line indicates the limit of the OOA/OPC region including the NBs) and cross-sectional views (G and H; the broken line indicates the apical surface of the NE region) are shown. Scale bars, 10 μm.
investigated the cell cycle of the BrdU-negative cells using the Mcm2 antibody, which is specific for the pre-replication complex that begins to form during the late M phase and increases until it reaches a peak during S phase. The BrdU-negative NEs were found to be in G1 phase, since they expressed Mcm2. Furthermore, a BrdU-negative cell population was retained even after 16 h of labeling, indicating that the G1 phase of BrdU-negative NEs intermediate between the BrdUpositive NEs and NBs was extremely prolonged. Taken together, these results indicate that the NEs at the medial edge are converted into NBs during a prolonged G1 phase.
Cell cycle progression patterns differ from cell to cell. For example, syncytial blastodermal cells lack the G1 and G2 phases entirely. The G1 phase is also reportedly absent in some neural lineages of the Drosophila peripheral nervous system (Audibert et al., 2005) . The socalled label-retaining cells in the germinal centers of the adult brain (Ihrie and Alvarez-Buylla, 2008 ) also have an extremely long cellcycle period. Therefore, our current study may have revealed a common mechanism by which stem cells can retain their capability to reenter the cell cycle despite long periods of quiescence.
Analogous with the optic medullar anlagen, the formation of the morphogenetic furrow of the Drosophila larval eye disc requires several processes, including the conversion of the cytoskeletal scaffold to a fluid, mobile state and the side-by-side synchrony of the cell-cycle progression. As a result, the G1 cells in the morphogenetic furrow adopt a drop-like shape with a narrow apical "footprint" when viewed from the surface, whereas the cells in the S-G2-M phases are spherical and exhibit a larger apical surface area. Other evidence supporting this analogy was recently reported in a study examining the proneural wave, in which EGF signaling is involved (Egger et al., 2010; Yasugi et al., 2010; Yasugi et al., 2008) . The similarities between the In the medial edge-type clones, the cells that should have been 2, 3 and 4 were transformed to 4, 5 and 6, respectively, because of the lack of Notch. In the center-type clones, the cluster of 1 cells was partly transformed into a mixture of 1 and 4-like mystery cells. The n values for each phenotypic type in the parentheses represent the numbers of examples observed in our experiments. Scale bars, 10 μm. maturation of the optic medullar progenitors and the cells in the morphogenetic furrow strongly suggest the existence of a common mechanism regulated by Notch. Notch has also been reported to act in combination with Wg to arrest posterior compartment wing margin cells in the G1 phase and anterior compartment side cells in the G2 phase (Johnston and Edgar, 1998) , supporting the idea that Notch regulates the cell cycle under a number of different circumstances. These mechanisms would explain our current results quite well.
Activation of Notch signaling during a finite window of the pre-transitional state coordinates the proper timing of the NE-to-NB transition Notch signaling has been shown to mediate a wide array of cell fate decisions during development. In a recent study of fly brain homozygous for the Notch ts allele, the fate specification was perturbed and the precocious determination may have involved the malformation of the larval optic lobes (Ngo et al., 2010) . Similar evidence has been provided by an overexpression study using a dominant-negative form of the Notch-Delta transduction cascade (Egger et al., 2010) and mitotic mosaic production of the Notch null allele . These results are consistent with our present findings showing that Notch downregulation forced the precocious transition of NEs. Moreover, we have provided evidence that this effect occurred as a result of a cell non-autonomous process. Since we used Delta as a sensitive effector of the reception of Notch-Delta signaling, we attempted to identify the Delta pattern as precisely as possible, especially regarding the morphological changes. Our previous work demonstrated that the downregulation of Notch signaling by the ectopic expression of Numb in NEs caused a reduction in the progenies derived from a single NE, demonstrating that Notch signaling is required for the proliferation of neural cells in the OOA/ OPC (Toriya et al., 2006) . We next focused on the role of Notch signaling in the NE-to-NB transition at the mid-third instar larval OOA/OPC, which was early enough to examine the acute effects of Notch-depletion. We found that Notch signaling was activated just before the NE-to-NB transition at the medial edge, although Notch was expressed throughout the entire NE population. Both the activation and downregulation of Notch signaling occurred during a finite window for the proper timing of the NE-to-NB transition. However, if Notch signaling was depleted from the NEs at a much earlier stage and NEs devoid of Notch signaling were allowed to develop for a much longer period, the number of NBs that transitioned from the NEs did not change noticeably, compared with the wild-type situation (Toriya et al., unpublished results) . One plausible explanation is that NEs at the medial edge region cannot be sustained without Notch signaling. Thus, NEs at the medial edge were converted into NBs via the downregulation of Notch. Even if the Notch-deficient clonal cells at the medial edge region are converted into NBs earlier than the surrounding wild-type cells, the final number of NBs generated from the clonal region should not change, since the NEs in the medial edge are supposedly not yet able to divide. In addition, if the fates of the NBs are further specified depending on the timing of their determination from the NEs, precocious transition may cause changes in the fates of the NBs. Further analyses of NB subtypes in Notch-mutant clones might provide intriguing findings.
Notch's involvement in neural fate decisions has been described in almost all the animals in which this topic has been studied (Artavanis-Tsakonas et al., 1995; Artavanis-Tsakonas et al., 1999; Kopan and Ilagan, 2009; Louvi and Artavanis-Tsakonas, 2006) . In a study examining the embryonic Drosophila optic primordium, Green et al. implied that the loss of Notch caused a precocious epithelial-toneuroblast transition typically seen in wild-type development during late embryonic stages (Green et al., 1993) . The findings of the present paper further explored this precocious transition during the larval stage. Furthermore, we provided evidence that additional factors, such as Delta and Su (H)-dependent downstream genes, might be involved in this process. The downstream effects of Notch are broad (Borggrefe and Oswald, 2009; Krejci et al., 2009 ) and include the regulation of G1/S progression via myc and translational control via Hes proteins, resulting in cell differentiation (Kageyama et al., 2007) . In addition, cross-talk between the EGF and the Wnt/βcatenin pathways can alter the morphological features, which may in turn alter the signal strengths of various pathways, including Notch (Hurlbut et al., 2009; Hurlbut et al., 2007) .
Notch-signal transducing components include numerous ligands, modifiers, and mediators, and each step in Notch-mediated fate changes appears to be controlled by the trafficking and localization of these components (D'Souza et al., 2008) . The specific localizations of these components contribute to the efficiency of downstream signaling (Le Borgne, 2006; Le Borgne et al., 2005; Le Borgne and Schweisguth, 2003a,b) . Here, we have presented evidence that a reduction in Notch, which activates the expression and trafficking of Delta, forces a cell-fate change.
During the course of the NE-to-NB transition of optic medullar progenitors, two peaks in Notch expression were typically observed: the first peak, which occurred early during the NE-to-NB transition, was followed by a period of reduced expression during the cell-type transition, after which Notch expression once again increased as the new NBs resumed division. After several divisions, Notch was downregulated and ultimately became undetectable. Interestingly, Hammerle and Tejedor reported similar changes in the vertebrate spinal cord primordium, suggesting that this pattern of Notch expression may be conserved during vertebrate neurogenesis (Hammerle and Tejedor, 2007) .
Downregulation of Notch signaling coordinates the timing of the transition of epithelial cells to non-epithelial cells
The frequent apical constriction of single-layered epithelial cells and the subsequent downregulation of E-cad are often coupled to dynamic morphogenetic movements involving the invagination of bottle-shaped cells during gastrulation (Leptin, 2005) , which is one of the most important examples of the epithelial mesenchymal transition (EMT) (Oda et al., 1998; Tepass et al., 1996; Thiery et al., 2009) . The polarity of cells is sometimes maintained throughout development, but sometimes the polarity is progressively lost and the cells' morphology is remodeled (Lecuit, 2005; Levayer and Lecuit, 2008) . Typically, the cell cycle is slowed (mostly by a prolonged G1 phase) during this remodeling phase (Brown et al., 1996) . In other words, a morphogenetically active zone often corresponds to a mitotically inactive one, in which the cells are arrested in the G1 phase. Examples include bottle cells in gastrulating Xenopus embryos (Kurth, 2005) , the Drosophila eye morphogenetic furrow (Brennan and Moses, 2000; Greenwood and Struhl, 1999) , and the laminar furrow of the optic lobes (Selleck et al., 1992) . In most cases, these events are associated with JAK signaling pathways (Bertet et al., 2009) as well as Wnt signaling (Choi and Sokol, 2009; Kurth, 2005) and TGFβ signaling (Gibson and Perrimon, 2005; Schuldt, 2005) pathways. In addition, in view of the similarity between this phenomenon and the EMT, cross talk between the Notch and Delta signaling pathways must be considered (Grego-Bessa et al., 2004; Thiery et al., 2009) . Confirming this notion, the upregulation of both Snail and Worniu, Drosophila homologs of the EMT promoting factor Snail1, has been reported in embryonic NBs (Ashraf and Ip, 2001) . Although the relative contribution of various factors to the cell-fate decision remains unclear, Yasugi et al. reported that the Jak/Stat signal is strong during the neuroepithelial phase but weakens after the NEs commit to a progenitor fate, suggesting that the Jak/Stat signal maintains the cell in its undifferentiated state (Ngo et al., 2010; Yasugi et al., 2008) . Developmental stage-dependent signaling from the environment might change the signal balance and push the cell toward differentiation.
In this paper, we focused on the Notch-mediated NE-to-NB transition within a specific, transitional phase of the cell cycle. Our work highlights the usefulness of this model system for studying early neurogenesis in the neural plate stage, and our findings may be applicable to general neural stem cell biology.
Supplementary materials related to this article can be found online at doi:10.1016/j.ydbio.2010.12.044.
